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The medicinal herbal plant Achyranthes bidentata (A. bidentata) produces the sweet-odor ester
– methyl (E)-2-hexenoate (1) as the major volatile in response to methyl jasmonate (MeJA). Here,
we investigated the biosynthetic pathway of methyl (E)-2-hexenoate (1). The common plant
precursor (Z)-3-hexenal was only slightly metabolized into methyl (E)-2-hexenoate (1), and its
application scarcely enhanced the production of this ester. By contrast, a structurally related
alcohol, (Z)-2-hexenol, as well as a deuteride derivative thereof could be efﬁciently metabolized into
methyl (E)-2-hexenoate (1). Thus, we hypothesize that A. bidentata possess a speciﬁc pathway for the
production of methyl (E)-2-hexenoate (1) from (Z)-2-hexenol in response to MeJA.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
It is well known that the methyl ester of jasmonic acid (JA),
methyl jasmonate (MeJA) elicits a variety of characteristic second-
ary metabolites in plants [1–3]. We have been investigating the
MeJA elicitation mechanism for volatile compounds including
mono- and sesqui-terpenes using Achyranthes bidentata (A. bidenta-
ta), a traditional herbal medicinal plant [4]. By using this model
plant, we have demonstrated that exogenously applied (±)-MeJA
is metabolized into (±)-JA-Ile accompanying endogenous (+)-7-iso-
JA-Ile induction [5,6]. Since (+)-7-iso-JA-Ile is an active form of JA,
these studies unraveled the exogenous MeJA action during inter-
plant communication.
A. bidentata is also a useful model in studying inter-plant
volatile metabolism. A. bidentata absorbs and metabolizes airborne
nerolidol into (E)-4,8-dimethyl-1,3,7-nonatriene and re-emits itinto the air, demonstrating a ﬁrst case of inter-plant volatile
metabolism [7]. In addition, A. bidentata readily incorporates
exogenous substrates from the stems via the vascular system and
metabolizes them. For example, (±)-MeJA is transferred from the
lower part of the stems into the upper leaves and metabolized into
(±)-JA-Ile [8], or deuterium oxide supplied from the stems is incor-
porated and used for mono- and sesqui-terpenes de novo synthesis
under (±)-MeJA elicitation [9].
We have identiﬁed a pineapple-like sweet-odor C6-methyl
ester, methyl (E)-2-hexenoate (1) as a major compound among
MeJA-inducible volatiles together with minor but structurally
related metabolites in A. bidentata [5,7] (Fig. 1). Methyl (E)-2-hexe-
noate (1) has been found as a volatile in fruits [10,11], but its bio-
synthesis has not been described. Since the emission amount of
methyl (E)-2-hexenoate (1) is much larger than other related
metabolites (Fig. 1), we hypothesized that A. bidentata might pos-
sess distinct pathway(s) to produce methyl (E)-2-hexenoate (1)
and undertook research in order to investigate them. As a result,
it was found that methyl (E)-2-hexenoate (1) was produced from
(Z)-2-hexenol via (Z)-2-hexenal under MeJA elicitation. In this
paper, we present and discuss our new ﬁndings.
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2.1. Plant materials
Preparation of the plant material (A. bidentata) was performed
as previously described [5,7].
2.2. Chemicals
2.2.1. Methyl (E)-2-hexenoate and methyl (Z)-2-hexenoate
Synthetic standards of methyl (E)-2-hexenoate and methyl (Z)-
2-hexenoate were prepared from butanal. In brief, butanal
(300 mg) was added to a dry tetrahydrofuran (30 mL) containing
Horner–Emmons reagent prepared from 60% sodium hydride
(170 mg) and trimethyl phosphonoacetate (760 mg). After stirring
(30 min), water was added to the clear reaction mixture and
extracted with ethyl acetate. After evaporation, the extract yielded
the products quantitatively. GC–MS analysis of the product
showed two peaks that were comprised of methyl (E)-2-hexenoate
and methyl (Z)-2-hexenoate in a 2.3:1.0 ratio. Mass spectra of
these compounds are shown in Supplementary Fig. 1A and B.
2.2.2. D2-(Z)-3-hexenal
Preparation of deuterium labeled (d2) (Z)-3-hexenal [3-2H,4-2H-
(Z)-3-hexenal] was performed as follows. Two hundred mL of ether
containing 1.0 g of 3-hexyn-1-ol (Sigma–Aldrich, St. Louis, MO,
USA) and 300 mg of Lindlar catalyst (Tokyo-Kasei Kogyo, Tokyo
Japan) were stirred at room temperature under D2 gas (generated
from CH3OD and sodium metal in dry tetrahydrofuran) until 3-
hexyn-1-ol disappeared. The reaction procedure was monitored
by GC analysis. After removal of Lindlar catalyst by ﬁltration, the
ether solution was concentrated under reduced pressure using a
rotary-evaporator to give d2-(Z)-3-hexenol quantitatively.9.0 9.2 9.4 9.6
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Fig. 1. Methyl jasmonate (MeJA) elicits the C6-methyl ester production in Achyranthes b
Chromatogram of the volatile compounds obtained by MeJA application. (B) Control GC–
and 4. Assigned compounds and retention times (tR) in A: 1, methyl (E)-2-hexenoate (10
hexenoate (9.38); 5, (Z)-3-hexenyl acetate (10.92); 6, (E)-2-hexenyl acetate (11.10); 7, (E)
10, (E)-b-caryophyllene (17.45); 11, (E)-a-bergamotene (17.54); 12, sesquisabinene (1
(18.38); and 16, b-bisabolene (18.47).D2-(Z)-3-hexenol (300 mg) in methylene chloride (5 mL) was
added to methylene chloride solution (50 mL) containing 1.9 g of
pyridinium chlorochromate (Tokyo-Kasei Kogyo, Tokyo, Japan)
and silica-gel (2.0 g) with stirring. After stirring at room tempera-
ture for 3 h, the reaction mixture was ﬁltered off. Filtrate was con-
centrated under reduced pressure by rotary-evaporation, and the
residue was puriﬁed by silica-gel column chromatography (sol-
vent; n-hexane: ethyl acetate = 3:1) to give d2-(Z)-3-hexenal quan-
titatively. Deuterium abundances of the labeled compounds was
96.4% calculated by the proton NMR analysis based on the oleﬁnic
and aldehyde protons. The concentrated elutant was immediately
used for the subsequent experiments. Mass spectrum of d2-(Z)-3-
hexenal was shown in Supplementary Fig. 1C.
2.2.3. D2-(Z)-2-hexenol
Preparation of d2-(Z)-2-hexenol [2-2H,3-2H-(Z)-2-hexenol] was
obtained from 2-hexyne-1-ol (Sigma–Aldrich, St. Louis, MO) and
D2 gas in the same manner. Mass spectra of d2-(Z)-2-hexenol are
shown in Supplementary Fig. 1D.
2.2.4. D2-(Z)-2-hexenal and d2-(E)-2-hexenal
A mixture of d2-(Z)-2-hexenal [2-2H,3-2H-(Z)-2-hexenal] and
d2-(E)-2-hexenal [2-2H,3-2H-(E)-2-hexenal] was prepared from
d2-(Z)-2-hexenol [2-2H,3-2H-(Z)-2-hexenol] by pyridinium chloro-
chromate oxidation. In brief, d2-(Z)-2-hexenol (600 mg) in methy-
lene chloride (5 mL) was added to methylene chloride solution
(50 mL) containing 1.9 g of pyridinium chlorochromate (Tokyo-
Kasei Kogyo, Tokyo, Japan) and silica-gel (2.0 g) with stirring. After
3 h stirring at room temperature, the reaction mixture was puriﬁed
by silica-gel column chromatography (solvent; n-hexane: ethyl
acetate = 3:1) to give a mixture (0.4 g) of d2-(Z)-2-hexenal and
d2-(E)-2-hexenal (with a ratio of 1:1.3). Mass spectra are shown
in Supplementary Fig. 1E and F. The mixture was immediately4.0 15.0 16.0 17.0 18.0 19.0 
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392 S. Tamogami et al. / FEBS Letters 589 (2015) 390–395applied to A. bidentata under MeJA elicitation, and deuterated
methyl (E)-2-hexenoate and methyl (Z)-2-hexenoate were identi-
ﬁed (see Supplementary Fig. 4).
2.3. Deuterated compound application under MeJA elicitation and
VOCs analysis by GC–MS
Experimental procedures were the same as our previous meth-
ods [5,7]. In brief, the shoot was cut at the stem just below the
third leaf axis of A. bidentata plant. The stem was dipped into
10 mL of H2O containing 2 lL of d2-(Z)-3-hexenal or d2-(E)-2-
hexenol in a glass tube followed by placing the entire set up in a
glass container (1 L). A paper disk with 2 mg of (±)-MeJA
(Sigma–Aldrich, St. Louis, MO) was hung in the headspace for feed-
ing airborne MeJA to the shoot. The glass container was kept in an
incubator under light as described [5,7]. After 24 h, VOCs in the
headspace were collected by solid phase micro extraction (SPME)
ﬁbers (Stable Flex PDMS/DVB, Supelco, CA) for 30 min and ana-
lyzed by GC–MS (Perkin–Elmer Turbo Mass, Shelton, CT) according
to the previous analytic conditions [5,7] with a slight modiﬁcation
of temperature program: 40 C (5 min), an increase of 10 C min1
to 200 C (3 min), followed by an increase of 20 C min1 to 300 C
(4 min). Four independent experiments were performed. Since the
heavy isotope generally elutes earlier than its lighter one [12], deu-
terium incorporation into the compound was determined by scan-
ning the earlier peak regions of the metabolites. From control
(water treated A. bidentata plant), neither natural nor deuterated
volatile compounds were detected. Mass spectra of natural C6-
compounds (Supplementary Fig. 2) were obtained by MeJA elicita-
tion and with H2O supply. Quantitative results (relative amounts)
in Figs. 2 and 5 were obtained by using n-octane as an internal
standard. A solution of 50 lL n-octane (2000 ppm in acetone)
was added just before the SPME extraction. Relative amounts were
calculated by comparison of each peak area against that of
n-octane. Relative amounts of deuterated metabolites were calcu-
lated using its abundance obtained by extracted ion chromatogram
(EIC) [7]. For EIC analysis, a combination of m/z 128 against 130
was used for methyl (E)-2-hexenoate (1), methyl (Z)-2-hexenoate
(2) and methyl (Z)-3-hexenoate (4), while m/z 87 against 89 was
used for methyl hexanoate (3). Data represented results of at least   
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3. Results
3.1. Identiﬁcation of peaks 2 to 4 as C6-methyl esters
We identiﬁed minor metabolites besides methyl (E)-2-
hexenoate (1) in the GC–MS chromatogram when A. bidentata
was treated by MeJA. Mass spectra of peaks through 2 to 4 are
shown in Supplementary Fig. 2. By National Institute of Standard
and Technology (NIST) library search, peak 3 and peak 4 were iden-
tiﬁed to be methyl hexanoate [11] and methyl (Z)-3-hexenoate
[10,11], respectively. Considering that MS spectrum of peak 2
was very close to that of methyl (E)-2-hexenoate (1), we assumed
that peak 2 might be its Z-isomer, methyl (Z)-2-hexenoate.
Assignment of methyl (Z)-2-hexenoate (2) was ensured by com-
parison to the synthetic compound (Supplementary Fig. 1B).
3.2. (Z)-3-Hexenal is only slightly metabolized into methyl (E)-2-
hexenoate (1)
We ﬁrst investigated if (Z)-3-hexenal was a substrate of methyl
(E)-2-hexenoate (1) in A. bidentata, because (Z)-3-hexenal has been
recognized as the common precursor for various C6-metabolites in
plants [13]. A. bidentata plant material was treated with water con-
taining deuterium labeled (Z)-3-hexenal (3-2H,4-2H-(Z)-3-hexenal;
d2-(Z)-3-hexenal) along with airborne MeJA application. After 24 h
incubation, volatile metabolites emitted into the headspace were
collected and analyzed by GC–MS as previously described [5,7].
Deuterated metabolite of methyl (E)-2-hexenoate (1) was identi-
ﬁed (Supplementary Fig. 3A) compared to the natural one (Supple-
mentary Fig. 2A), but EIC analysis showed that its deuteride
abundance (m/z 130) was far less as compared against its natural
counterpart (m/z 128) [Fig. 2A(b)]. By amounts, the deuteride
metabolite was very less, while the natural metabolite was almost
the same compared to MeJA application [Fig. 2A(a)(b)]. These
results suggested that (Z)-3-hexenal was a precursor, but
other precursor(s) could be used for the production of methyl
(E)-2-hexenoate (1).m/z130
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Structurally related minor metabolites of C6-methyl esters
methyl (Z)-2-hexenoate (2), methyl hexanoate (3) and methyl
(Z)-3-hexenoate (4) (Section 3.1) might relate to methyl (E)-2-
hexenoate (1) in their biosynthesis. Although their incorporation
abundances were low (EIC analysis at Supplementary Fig. 3B and
D), it was found that the peaks of methyl (Z)-2-hexenoate (2)
and methyl (Z)-3-hexenoate (4) included the deuterated metabo-
lites. This led to our assumption that (Z)-3-hexenal is isomerized
into (Z)-2-hexenal [14] and (E)-2-hexenal, and subsequently these
aldehydes are metabolized into corresponding C6-methyl esters by
oxidation and methylation as shown in Fig. 3.
3.4. (Z)-2-Hexenal and (E)-2-hexenal metabolism in A. bidentata
To test that (E)-2-hexenal and (Z)-2-hexenal are metabolized
into corresponding methyl esters of methyl (E)-2-hexenoate (1)
and methyl (Z)-2-hexenoate (2), a mixture of doubly deuterated
(E)-2-hexenal [2-2H,3-2H-(E)-2-hexenal] and (Z)-2-hexenal
[2-2H,3-2H-(Z)-2-hexenal] with 1.13:1 ratio was applied under
MeJA elicitation, and followed by examining the resultant metabo-
lites. Deuteratedmetabolites were found in the peaks of methyl (E)-
2-hexenoate (1) and methyl (Z)-2-hexenoate (2) on the GC–MS
chromatogram (Supplementary Fig. 4). These results indicated that
aldehydes are successively oxidized and methylated into these C6-
methyl esters (Fig. 3).
3.5. (Z)-2-Hexenol is a potential substrate for (Z)-2-hexenal and (E)-2-
hexenal
Present results thus far suggested that (Z)-2-hexenal and (E)-2-
hexenal might be precursors for methyl (E)-2-hexenoate (1), but
(Z)-3-hexenal was not a practically effective substrate.
We speculated that MeJA might elicit the production of (E)-2 or
(Z)-2-hexenal from substrate(s) besides (Z)-3-hexenal. We
observed that A. bidentata emitted (Z)-2-hexenol (Supplementary
Fig. 2) during earlier periods at 2 h after MeJA application, which
could be a possible substrate for (Z)-2-hexenal. Then we applied
deuterium labeled (Z)-2-hexenol [2-2H,3-2H-(Z)-2-hexenol; d2-
(Z)-2-hexenol] to A. bidentata and investigated the occurrence of
the aldehydes (Z)-2-hexenal and (E)-2-hexenal. Doubly deuterated
(Z)-2-hexenal and (E)-2-hexenal were identiﬁed compared to the
synthetic standards in the GC–MS chromatogram (Fig. 4A). The
obtained deuterated mass spectra (Fig. 4B and C) fully accordedwith the synthetic deuterated standards (Supplementary Fig. 1E
and F). Thus we conﬁrmed that (Z)-2-hexenol could be a substrate
for (Z)-2-hexenal and (E)-2-hexenal in A. bidentata (Fig. 3).
3.6. Methyl (E)-2-hexenotae (1) is produced by (Z)-2-hexenol
application
Since (Z)-2-hexenol was shown to be a precursor yielding (Z)-2-
hexenal and (E)-2-hexenal, it is highly likely that (Z)-2-hexenol can
be metabolized into methyl (E)-2-hexenoate (1). As expected, dou-
bly deuterated methyl (E)-2-hexenoate (1) was clearly identiﬁed
when d2-(Z)-2-hexenol was applied along with MeJA (Supplemen-
tary Fig. 5A). In addition, it was found that a large amount of the
deuterated methyl (E)-2-hexenoate (1) was produced [Fig. 2B(c)].
According to this, deuteride peak (m/z 130) overcame natural coun-
terpart (m/z 128) as shown by EIC analysis. Other C6-methyl esters
of methyl (Z)-2-hexenoate (2) and methyl hexanoate (3) also efﬁ-
ciently included the deuteratedmetabolites (Supplementary Fig. 5).
4. Discussion
A. bidentata contained methyl (Z)-2-hexenoate (2) as a minor
metabolite. This compound provided us with cues to elucidate
how methyl (E)-2-hexenoate (1) was produced. By assuming that
(Z)-2-hexenal might exist as a precursor of methyl (Z)-2-hexenoate
(2) (Fig. 3), we succeeded in discovering (Z)-2-hexenol as a poten-
tial precursor for methyl (E)-2-hexenoate (1). It has been shown
that (Z)-3-hexenal occurs from linolenic acid under stressed condi-
tions including wounding and herbivore damage [13]. Although
biosynthesis of (Z)-2-hexenol from (Z)-3-hexenal has not been elu-
cidated, (Z)-2-hexenol has been found in red clover as a plant vol-
atile [17] and shown to attract clover root weevil [18], suggesting
that (Z)-2-hexenol might be a functional molecule in plants. (Z)-2-
Hexenal nor (Z)-2-hexenol is hardly supposed to be derived
directly from linolenic acid or other fatty acids, therefore we cau-
tiously hypothesize that (Z)-2-hexenol might be reductively
derived from (Z)-2-hexenal or (Z)-3-hexenal (dashed lines in
Fig. 3).
C6-methyl esters in A. bidentata could be produced from both
(Z)-3-hexenal and (Z)-2-hexenol. Amounts of the C6-methyl esters
produced by MeJA application were compared between d2-(Z)-3-
hexenal and d2-(Z)-2-hexenol (Fig. 5). Methyl (E)-2-hexenoate (1)
and methyl (Z)-2-hexenoate (2) were suggested mostly to be
derived from d2-(Z)-2-hexenol, while methyl (Z)-3-hexenoate (4)
was solely derived from d2-(Z)-3-hexenal. Present results imply
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ways, one with (Z)-2-hexenol as an intermediate and the other
without it. Considering the result that only d2-(Z)-2-hexenol appli-
cation yielded little production of methyl (E)-2-hexenoate (1)
[Fig. 2B(d)], MeJA possibly elicited (Z)-2-hexenol metabolism as
shown by bold arrows (Fig. 3). Our hypothesis thus states that the
major substrate for methyl (E)-2-hexenoate (1) under MeJA elicita-
tion is (Z)-2-hexenal (marked with an asterisk) derived directly
from (Z)-2-hexenol (Fig. 3).
It has been shown that herbivore attack elicits volatile com-
pounds emission in plants [13]. We have observed that herbivore
feeding by Spodoptera litura elicits the emission of methyl (E)-2-
hexenoate (1) together with other volatile compounds in A. biden-
tata. Typical GC–MS total ion chromatogram is shown by Supple-
mentary Fig. 6; mass spectrum of methyl (E)-2-hexenoate (1) is
shown in Supplementary Fig. 2F. Similarity of the GC–MS chro-
matogram proﬁles between herbivore feeding and MeJA applica-
tion suggests that the MeJA-inducible volatile emission will be
relevant to the response by biotic stress. Considering that the
response trigged by herbivore can be regulated by JA signalling
pathway [13], our results imply MeJA-inducible (Z)-2-hexenol
pathway might be elicited under the biologically stressed condi-
tion. In this context, present results afford a basic strategy to inves-
tigate how methyl (E)-2-hexenoate (1) is produced under stressed
conditions in future studies.
On the other hand, considering the low availability of (Z)-3-hex-
enal as a substrate (Fig. 2A), (Z)-2-hexenol might be stocked as it is
or as conjugate(s) like (Z)-3-hexenyl-b-D-glucopyranose [15,16] to
function immediately as required. Hydrolysis of the glycoside
might be included in (Z)-2-hexenol formation process. In future
studies, experiments testing if (Z)-3-hexenal or (Z)-3-hexenol,
which is commonly found in plants, can be metabolized into (Z)-
2-hexenol should be performed as well as its conjugation.
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